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Quantum theory permits interference between indistinguishable paths but, at the same time,
restricts its order. Interference in single-particle correlations, for instance, is limited to the sec-
ond order, that is, to pairs of single-particle paths. To date, all experimental efforts to search
for higher-order interferences beyond those compatible with quantum mechanics have been based
on such single-particle correlations. However, quantum physics is not bounded to interference in
single-particle correlations. We here experimentally study higher-order interference in many-particle
correlations using a two-photon-five-slit setup. We demonstrate that two-particle correlations ex-
hibit nonzero interference up to the fourth order, corresponding to the interference of two distinct
two-particle paths. We further show that fifth-order interference is restricted to 10−3 in the intensity-
correlation regime and to 10−2 in the photon-correlation regime, thus providing novel bounds on
the accuracy of quantum theory.
Interference phenomena for both light and matter are
an intrinsic property of quantum physics. They occur
when indistinguishable paths exist as in Young’s paradig-
matic double-slit experiment [1]. From a fundamental
point of view, quantum interference stems from coher-
ent superpositions of states and thus from the linear-
ity of quantum theory [2]. However, quantum mechan-
ics not only enables but also restricts interference [3].
For instance, according to Born’s rule, which relates de-
tection probabilities to the modulus square of the wave
function [4], interference in single-particle correlations is
limited to the second order, that is, to two interfering
single-particle paths. In a multi-slit setup, interference
is therefore expected to occur only between pairs of in-
distinguishable paths, and all higher orders in the inter-
ference hierarchy vanish [3]. In this case, the detection
probability can be expressed as a sum of first-order and
second-order terms.
The physical origin of the lack of higher-order quantum
interferences is not yet understood [3]. Their existence
would have profound implications for quantum theory,
including nonlocality and contextuality [5–8]. They have
indeed been linked to violations of the spatial [5] and
temporal [6] Tsirelson bounds, as well as to a weaken-
ing of noncontextuality bounds [7]. They would hence
reveal stronger-than-quantum correlations. They would
further permit perfect interaction-free measurements [8].
For this reason, a growing number of single-particle ex-
periments have been realized in the past years to de-
tect such higher-order interference, using photons [9–12],
molecules [13], atoms [14] and spin systems [15, 16].
Quantum physics, however, goes beyond interference
in single-particle correlations. It also allows for many-
particle interference in the case of indistinguishable par-
ticles. A prominent example is provided by the Hong-
Ou-Mandel experiment, in which two non-interacting
photons can influence each other via two-particle in-
terference [17]. Interference in many-particle correla-
tions is mathematically richer and physically more sub-
tle than single-particle interference [18–21]. It has found
widespread applications in metrology [22, 23], imag-
ing [24–26], and quantum information processing [27, 28].
Recently, the interference hierarchy has been theoreti-
cally extended to the general case of M -particle correla-
tions with N modes [29]. In this situation, Born’s rule
allows for higher-order interference of up to the order 2M .
In addition, owing to the much larger number of interfer-
ing paths, many-particle interference has been predicted
to offer increased sensitivity to deviations from quantum
theory compared to its single-particle counterpart [29].
We here report the first experimental investigation of
higher-order quantum interference in many-particle cor-
relations using a two-photon-five-slit setup. We deter-
mine single-particle and two-particle interferences up to
the fifth order, both in the intensity and in the photon-
counting regimes. To this end, we measure and evaluate
first-order and second-order correlation functions for a to-
tal of 25 = 32 different interference configurations. While
single-particle interference vanishes at the third order, we
demonstrate that two-particle interference only cancels
at the fifth order, in agreement with standard quantum
theory.
Experimental setup. In order to assess single-particle
and two-particle interference orders, we realize and an-
alyze different experimental arrangements [Fig. 1(a)]:
Photons, in a coherent state |α〉 with mean photon num-
ber n¯ = |α|2, are provided by a HeNe laser at λ = 633 nm.
These photons are scattered at two slit masks S1 and S2
[Figs. 1(b-c)]. The base slit mask S1 is a five-fold slit (de-
noted ABCDE), while the movable blocking slit mask
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2S2 consists of 33 configurations. Both masks have the
same distance of adjacent slits d = 500µm. By moving
the blocking slit mask S2 in front of the fixed slit mask
S1, we can implement all possible slit arrangements from
one to five slits. For instance, in Fig. 1(a), slits A and
E of S1 are blocked by S2 such that the three-slit con-
figuration BCD is realized. The base mask S1 is fixed,
reducing alignment errors. Moreover, we have added a
second five-fold slit ABCDE at the top of S2 to compare
the interference patterns at the beginning and the end of
a measurement sequence and thus verify the alignment
of the setup. The measurement is conducted in the far-
field at a distance L = 1.7 m behind the first slit mask
either (i) in the intensity regime by a specialized, high-
performance 14-bit charge-coupled device (CCD) camera
[pco.pixelfly] or (ii) in the photon-counting regime by two
fiber-coupled single-photon avalanche diodes (SPADs)
[MPD PDM $PD-050-CTB-FC], whose signals are time-
registered and correlated. The whole measurement pro-
cess, including switching between different slit configu-
rations and the data acquisition, is fully automatized to
reduce errors further.
The measurement results can be interpreted in the few-
particle regime by expanding the input photon state as
|α〉 = c0 |0〉+ c1 |1〉+ c2 |2〉+ . . . , (1)
where pn = |cn|2 is the Poissonian probability of the n-
photon state to occur at the input. Whenever we regis-
ter a photon in only one of the two SPADs, the effective
input state is given by |1〉, which has been coherently
distributed over the slits, leading to single-particle corre-
lations. For a coincident detection at both detectors, the
effective input state is |2〉, yielding two-particle correla-
tions. Accordingly, we can measure both interference hi-
erarchies simultaneously and differentiate between them
by filtering the events via postselection.
Interference hierarchy. Many-particle correlations of
noninteracting photons along indistinguishable M -
particle paths are conveniently described by the Mth-
order intensity correlation function [30],
G(M)(δ1, . . . , δM ) ∝ 〈aˆ†1 . . . aˆ†M aˆM . . . aˆ1〉 , (2)
where aˆi ≡ aˆ(δi) is the annihilation operator of the spa-
tial mode δi = kd sin θi, determined by the wave vector
k, the slit distance d and the angle of the ith detector θi.
Interference in such M -particle correlations can be clas-
sified into various orders I
(M)
N , depending on how many
different modes (A, B, . . .) interfere with each other.
For single particles (M = 1), the first-order interfer-
ence is trivially given by the (relative) detection proba-
bility in the far field, I
(1)
1 = PA = G
(1)
A , for a single slit
A. The second-order interference is obtained by compar-
ing the quantum-mechanical double-slit (AB) signal with
the classical sum of the two single slits (A and B) [3],
I
(1)
2 = G
(1)
AB − (G(1)A +G(1)B ) . (3)
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FIG. 1. Setup to measure the interference hierarchy
in single-particle and two-particle correlations. (a) Co-
herent photons are sent through two slit masks, S1 and S2,
and measured in the far field, either (i) by a charge cou-
pled device (CCD) or (ii) by two single photon avalanche
diodes (SPADs). (b) Fixed base slit mask S1 with dimensions
a = 25µm, b = 200µm and d = 500µm. The dimensions
of the movable slit mask S2 are r = 400µm with a spacing
∆ = 1000µm. (c) The layout of slit mask S2 contains 33
configurations.
Higher orders can be constructed accordingly [3, 29] and
the explicit expressions are given in Fig. 2. For single-
particle correlations, all higher-order terms vanish, I
(1)
3 =
I
(1)
4 = I
(1)
5 = . . . = 0 [3]. The single-particle interference
hierarchy hence truncates at the third order.
By contrast, for two particles (M = 2), nonzero inter-
ference occurs up to the fourth order [29],
I
(2)
2 6= 0, I(2)3 6= 0, I(2)4 6= 0 ; I(2)5 = I(2)6 = . . . = 0 . (4)
Born’s rule hence allows for the interference of two two-
particle paths, and the two-particle interference hierarchy
is only truncated at the fifth order.
The vanishing of higher-order interference in many-
particle correlations is captured by the M -particle Sorkin
parameter defined as the normalized (2M + 1)th inter-
ference [29],
κ(M) =
I
(M)
2M+1
G
(M)
A,B,C,...(0, 0, 0, . . .)
, (5)
where the first member (M = 1) is the single-particle
Sorkin parameter [3]. According to quantum mechanics,
Eq. (5) is zero for all M .
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FIG. 2. Experimental results of the interference hierarchy. Interference orders in (a) the intensity-correlation regime and
(b) the photon-correlation regime from (i) the second order to (iv) the fifth order (related formulas are taken from Ref. [29]).
(a) Experimental data (solid) and quantum-mechanical theory (dashed) of single-particle (blue, left) and two-particle (red,
right) interference orders. Fourth-order two-particle interference exhibits a tiny modulation, clearly visible with a good signal-
to-noise ratio and most pronounced at the center (inset). (b) Histograms of the single-particle (blue) and two-particle (red)
interference hierarchy at δ = 0 in the photon-counting regime.
Experimental results. To obtain the complete inter-
ference hierarchy of single-particle and two-particle corre-
lations, we perform 31+1+1 (correlation) measurements.
The latter consist of the measurement of 31 different slit
configurations needed to evaluate the interference orders,
one additional measurement for the second ABCDE ar-
rangement added at the top of the slit mask S2, and
one final measurement of the background (0), where the
mask S2 blocks all slits of the base mask S1. These 33
measurements form a measurement set.
At the beginning of such a set, the measurement
sequence is randomized to reduce systematic errors.
A motorized translation stage addresses the slit mask
S2 and implements the drawn slit configuration X ∈
{ABCDE(1), A,B, . . . , ABCDE(2), 0}. In the intensity
regime, we take 250 CCD images of each slit config-
uration. The integration time ti = 2 ms is fixed for
all configurations and fully covers the CCD’s dynamical
range when measuring ABCDE. In the photon-counting
regime, the two SPADs register the single-photon and
two-photon events within a fixed total time of T = 20 s
per slit configuration. Time tags of the photon events are
registered by a time-to-digital converter and correlated
within a time frame of tf = 1 ns. We ensure that the
count rates are below 100 kHz such that detector non-
linearities can be neglected (with the dead time of the
SPADs being 77 ns). We record the data in the auto-
correlation scheme, where both detectors are effectively
at the same position (δ1 = δ2 = δ). This scheme is
least sensitive to alignment errors. For intensity mea-
surements, each pixel of the CCD can be regarded as an
independent detector, and the autocorrelation function is
measured by correlating pixels of the same optical phase
δ from neighboring lines of the CCD. On the other hand,
for photon-counting measurements, the autocorrelation
is implemented by a fiber beam splitter at δ, connected
to the two different SPADs.
In total, we perform 100 such measurement sets, each
with a different sequence, in the intensity regime as
well as in the photon-counting regime. For each set,
the data is averaged per slit configuration and corrected
by subtracting background and detector noise. From
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FIG. 3. Two-particle Sorkin parameter. Parameter κ(2)
from Eq. (5) for 100 measurement sets in (a) the intensity-
correlation regime and (b) the photon-correlation regime.
In (b), the error bars are enlarged by a factor 100.
the corrected data, we evaluate the two-particle inter-
ference orders, I
(2)
2 , I
(2)
3 , I
(2)
4 , I
(2)
5 as well as the single-
particle interference orders, I
(1)
2 , I
(1)
3 , I
(1)
4 , I
(1)
5 , from (a
subset of) the data as indicated in Fig. 2. We normal-
ize the interference orders by the central value of the
configuration with the most slits within a given order
to remove any experiment-specific proportionality fac-
tors [13, 14, 31]. For example, for two slits A and B, we
use I¯
(2)
2,AB = I
(2)
2,AB/G
(2)
AB(0, 0), where we have explicitly
indicated the involved slits. For the fifth order in two-
particle correlations, this corresponds to the normalized
two-particle Sorkin parameter of Eq. (5), κ(2) ≡ I¯ (2)5 .
In the intensity regime, the CCD covers the interval
δ ∈ [−3pi,+3pi] of the interference pattern and thus re-
veals the spatial behavior of the interference orders. The
results for single-particle and two-particle correlations
are shown in Fig. 2(a): Solid lines correspond to experi-
mental data and dashed lines to the quantum-mechanical
theory. Single-particle interference (blue, left) vanishes
starting with the third order, I¯
(1)
N = 0 for N ≥ 3, with
an uncertainty of 10−3, essentially limited by the rela-
tive misalignment of the slit configurations. By contrast,
two-particle interference I¯
(2)
N (red, right) also exhibits a
nonzero third and fourth order, while only the fifth or-
der disappears. The modulation of the fourth-order two-
particle interference [inset of Fig. 2(a)] is of the order
of 10−1, clearly identifiable with a good signal-to-noise
ratio.
The difference between single-particle and two-particle
correlations can be seen most prominently at δ = 0
also in the photon-counting regime [Fig. 2(b)]. While
single-particle and two-particle correlations exhibit both
nonzero interference of the second order (though with
a different value due to the normalization), the differ-
ence between the two is clearly visible for the third-
order term with I¯
(1)
3 = −0.03 ± 0.07 being effectively
zero and I¯
(2)
3 = 0.35 ± 0.08 being statistically different
from zero [32]. The same holds true for the interfer-
ence of the fourth order with I¯
(1)
4 = 0.03 ± 0.04 and
I¯
(2)
4 = 0.10±0.07 [33]. On the other hand, the fifth-order
interference is effectively zero for both single-particle and
two-particle correlations.
The fifth-order term I¯
(2)
5 can be used to rule out
higher-order interference in two-particle correlations via
the Sorkin parameter of Eq. (5). The experimental find-
ings for κ(2) are shown in Fig. 3 for (a) intensity correla-
tions (with statistical errors resulting from averaging over
different pixels) and (b) photon correlations (with Pois-
sonian errors), each consisting of 100 independent sets of
measurements. We obtain κ
(2)
IC = (−4.41± 6.62) · 10−3 in
the intensity-correlation (IC) regime and κ
(2)
PC = (−1.73±
6.95) · 10−2 in the photon-correlation (PC) regime.
Conclusions. We have performed a detailed exper-
imental study of higher-order quantum interference in
many-particle correlations using a two-photon-five-slit
setup, both in the intensity and in the photon-counting
regimes. The current experiment establishes a bound on
higher-order interferences in quantum mechanics on the
order of 10−2 − 10−3 at the level of two-particle correla-
tions. These upper limits are of the same order of mag-
nitude as the first experiment investigating the single-
particle Sorkin parameter [9]. So far, the single-particle
bounds have been lowered to 10−3 − 10−5 by using a
more stabilized assembly [12]. An integrated photonic
network scheme would even be better suited due to the
relatively low losses when compared with our free-space
setup. These improvements could be applied in the fu-
ture also to many-particle correlations. However, due
to the exponential increase of interfering quantum paths
with growing particle number, the sensitivity to devia-
tions from quantum theory by use of the many-particle
Sorkin parameters of Eq. (5) is expected to be signifi-
cantly higher than its single-particle counterpart: from
one order of magnitude for the considered two-particle
example up to 12 orders of magnitude for eight-particle
correlations [29]. Since interference in eight-particle cor-
relations has already been measured [34], many-particle
interference appears to be a promising approach for high-
precision tests of quantum theory.
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